We investigate the semileptonic decay of the scalar tetraquark T − bs;ud to final state T 0 cs;ud lν l , which proceeds due to the weak transition b → clν l . For these purposes, we calculate the spectroscopic parameters of the final-state scalar tetraquark T 0 cs;ud . In calculations we use the QCD sum rule method by taking into account the quark, gluon, and mixed condensates up to dimension 10. The mass of the T lν l , l = e, µ, and τ are computed by employing the weak form factors G1(q 2 ) and G2(q 2 ), which are extracted from the QCD three-point sum rules. We also trace back the weak transformations of the stable tetraquark T , as well as predictions for decay channels of the tetraquark T − bb;ud can be used in experimental studies of these exotic states.
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I. INTRODUCTION
Investigation of exotic mesons composed of four valence quarks, i.e., tetraquarks is one of the interesting and intriguing problems on agenda of high energy physics. Experimental data collected by various collaborations and achievements in their theoretical explanations made these states an important part of hadron spectroscopy [1] [2] [3] [4] [5] . But the nonstandard mesons discovered till now and considered as candidates to exotics are wide resonances which decay strongly to conventional mesons. These circumstances obscure their four-quark bound-state nature and inspire appearance of alternative dynamical models to account for observed effects. Therefore, theoretical and experimental studies of 4-quark states, which are stable against the strong interactions can be decisive for distinguishing dynamical effects and genuine multiquark states from each another.
The problems of stability of 4-quark mesons were already addressed in the original papers [6] [7] [8] . The main conclusion made in these works was that, if a mass ratio m Q /m q is large, then the heavy Q and lightuarks may constitute stable QQqq compounds. The stabile nature of the axial-vector tetraquark T − bb;ud was predicted in Ref. [9] , and confirmed by recent investigations [10] [11] [12] . The similar conclusions about the strong-interaction stability of the tetraquarks T − bb;us , and T 0 bb;ds were drawn in Ref. [12] as well. The spectroscopic parameters and semileptonic decays of the axial-vector tetraquark T − bb;ud were analyzed in our work [13] exceeds 7600 MeV, and is also higher than its mass. The semileptonic decays of the tetraquark Z 0 bc were explored in Ref. [14] . The dominant weak decay modes of Z 0 bc contain at the final state the scalar tetraquark T − bs;ud , which has the mass (5380 ± 170) MeV, and is strongand electromagnetic-interaction stable particle.
The spectroscopic parameters and width of the axialvector state T 0 bc with the same quark content bcud were computed in Ref. [15] . The central value of its mass (7105 ± 155) MeV is lower than corresponding thresholds both for strong and electromagnetic decays. The semileptonic decays of T 0 bc create at the final state the scalar tetraquark T + cc;ud , which is strong-interactions unstable particle and decays to conventional mesons
The 4-quark compounds bcud were subjects of interesting theoretical studies [11, 12, [17] [18] [19] . Thus, an analysis performed in Ref. [11] showed that Z 0 bc lies below the threshold for S-wave decays to conventional heavy mesons, whereas the authors of Ref. [12] predicted the masses of the scalar and axial-vector bcud states above the B − D + /B 0 D 0 and B * D thresholds, respectively. Nevertheless, explorations conducted using the Bethe-Salpeter method [17] , and recent lattice simulations proved the strong-interaction stability of the axialvector exotic meson T 0 bc [18] . An independent analysis of Ref. [19] cs . Hence, parameters of this tetraquark are essential for our following analysis. In this section we calculate the mass and coupling of the tetraquark T 0 cs by means of the QCD two-point sum rule method, which is an effective and powerful nonperturbative approach to investigate parameters of hadrons [20, 21] . It can be used to determine masses, couplings, and decay widths not only of the conventional hadrons, but also of exotic states [22] . In calculations, we take into account effects of the vacuum condensates up to dimension 10 .
Here, we also analyze decays of this exotic state to conventional mesons via strong interactions. For these purposes, we use the parameters of the tetraquark T [23] . Because the aforementioned vertices contain a tetraquark the LCSR method should be supplemented by a technique of the soft-meson approximation [24] . For investigation of the diquark-antidiquark states the soft-meson approximation was adjusted in Ref. [26] , and successfully applied later to explore their strong decays (see, for example, Refs. [27] [28] [29] ).
A. Mass and coupling of the T 0 cs
The mass and coupling of the tetraquark T 0 cs can be obtained from the QCD two-point sum rules. To this end, we start from the analysis of the two-point correlation function
where
is the interpolating current for the tetraquark T 0 cs . Here, ǫ ǫ = ǫ abc ǫ ade , and a, b, c, d, and e are color indices and C is the charge-conjugation operator.
We assume that T T e ] in the color triplet state. Because these diquark configurations are most attractive ones [25] , the current (2) corresponds to the ground-state scalar particle T 0 cs with lowest mass. To find the phenomenological side of the sum rule Π Phys (p), we use the "ground-state+continuum" scheme. Then, Π Phys (p) contains a contribution of the groundstate particle which below is written down explicitly, and effects of higher resonances and continuum states denoted by dots The QCD side of the sum rules is determined by the same correlation function Π OPE (p) found using the perturbative QCD and expressed in terms of the quark propagators. The obtained formulas, and manipulations with Π Phys (p) and Π OPE (p) to derive the required sum rules for the mass m T and coupling f T of the tetraquark T 0 cs are similar to ones presented in Ref. [14] , therefore we do not repeat them here; necessary theoretical results can be obtained from corresponding expressions for the T − bs by a simple b → c replacement.
The sum rules for m T and f T contain the quark, gluon and mixed vacuum condensates, values of which are collected in Table I . This table contains also the masses of the b, c, and s quarks, as well as spectroscopic parameters of the mesons D and K, which will be utilized in the next subsection.
The sum rules also depend on two auxiliary parameters. First of them is M 2 , which appears in expressions after applying the Borel transformation to sum rules to suppress contributions of the higher resonances and continuum states. The dependence on the continuum threshold parameter s 0 is an output of the continuum subtraction procedure. A choice of these parameters is controlled by convergence of the operator product expansion (OPE), dominance of the pole contribution (PC), and by a minimum sensitivity of the extracted quantities on M 2 and s 0 . Thus, the maximum allowed M 2 should be fixed to obey the restriction imposed on the pole contribution; as usual, for tetraquarks PC > 0.2. The lower bound of the window for the Borel parameter is determined from convergence of the OPE. A stability of extracted quantities is among important requirements of the sum rule calculations. In real computations these quantities, i.e., m T and f T is the case under consideration, demonstrate a residual dependence on M 2 and s 0 . It is worth noting that a dependence of the parameters M 2 and s 0 is a main source of unavoidable theoretical errors in the sum rule calculations, which however can be systematically taken into account. Performed analysis allows us to determine the working regions
that obey the constraints imposed on the Borel and continuum threshold parameters. In fact, at M 2 = 1. 
will be used below to study its strong decays.
The spectroscopic parameters of the tetraquark T 0 cs obtained in the previous subsection provide an information necessary to answer a question about its stability against the strong interactions. It is not difficult to see, that the mass m T makes kinematically allowed the strong decays T
is the interpolating current of the meson D 0 ; it has following form
Standard recipes require to write Π(p, q) in terms of physical parameters of the particles T 0 cs , D 0 , and
where p ′ and p, q are 4-momenta of the initial and final particles, respectively. In the expression above by dots we note contributions of excited resonances and continuum states. The correlation function Π Phys (p, q) can be simplified by introducing the matrix elements
The matrix element 0|J
is written down using the strong coupling g T D 0 K 0 . In the soft-meson limit q → 0 we get p ′ = p [26] , and must carry out the Borel transformation of Π Phys (p, q = 0) over the variable p 2 , which gives
The necessity to use the soft-meson approximation of the LCSR method and set q = 0 is connected with features of tetraquark-meson-meson strong vertices. Because a tetraquark is built of four valence quarks, calculations of the correlation function (6) by contracting quark fields from relevant interpolating currents lead to appearance of two quark fields at the same space-time position, which, sandwiched between the vacuum and K 0 meson, generate the local matrix elements of K 0 . Then, to preserve the 4-momentum conservation at the vertex one has to set q = 0, and employ technical tools of soft-meson approach elaborated in the full LCSR method as the approximation to vertices containing only conventional mesons [24] . Let us emphasize that in the case of tetraquark-meson-meson vertices soft limit is an only way to calculate corresponding strong couplings in the framework of the LCSR method.
The soft approximation modifies the physical side of the sum rules. A problem is that in the soft limit some of contributions arising from the higher resonances and continuum states even after the Borel transformation remain unsuppressed. These terms correspond to vertices containing excited states of involved particles, and contaminate the physical side of sum rules. Therefore, before performing the continuum subtraction in the final sum rule they should be delated by means of some manipulations. This problem can be solved by acting on the physical side of the sum rule by the operator [24, 30] 
which keeps unchanged the ground-state term removing, at the same time, unsuppressed contributions. Naturally, the operator P(M 2 , m 2 ) has to be applied to the QCD side of the sum rule as well, which has to be calculated in the soft-meson approximation and expressed in terms of the K 0 meson's local matrix elements.
In the soft limit the correlation function Π OPE (p) is determined by the expression
In Eqs. (13) and (14), S c(q) (x) are the c quark and light quark propagators explicit expressions of which can be found in Ref. [31] ; for simplicity we do not provide these formulas here.
As is seen, the correlation function Π OPE (p) depends on local matrix elements K 0 |s c α (0)d e β (0)|0 , which should be recast to forms suitable for expressing them as standard matrix elements of K 0 . For these purposes, we employ the expansion
where Γ j is the full set of Dirac matrices
Then operators sΓ j d and ones appeared due to G insertions from propagators S and S, give rise to local matrix elements of the K 0 meson. Substituting Eq. (15) into the correlation function and performing the color summation in accordance with prescriptions described in Ref. [26] , we fix local matrix elements of K 0 that contribute to Π QCD (p). It turns out, that only the twist-3 matrix element
contributes to the correlation function. The function Π OPE (p) contains the trivial Lorentz structure which is proportional to I. The Borel transformed and subtracted expression of the corresponding invariant amplitude Π OPE (p 2 ) reads
and
Let us note that calculations of Π OPE (M 2 , s 0 ) are carried out by taking into account nonperturbative terms up to seventh dimension. Then, the sum rule for the strong coupling g T D 0 K 0 takes the form 
Numerical computations of the strong coupling
which allows us to evaluate the partial width of the decay
Let us note that in the sum rule computations the Borel and continuum subtraction parameters are chosen as in Eq. (4) 
Therefore, we write down the final results for the strong coupling g T D + K − and corresponding decay width
These dominant decay channels allow us to estimate the full width of the tetraquark T The transition b → c at the tree-level can be described using the effective Hamiltonian
where G F is the Fermi coupling constant, and V bc is the relevant Cabibbo-Kobayashi-Maskawa (CKM) matrix element. After placing the effective Hamiltonian H eff between the initial and final tetraquarks and factoring out the lepton fields one gets the matrix element of the current
The matrix element T 0
bs (p) can be expressed in terms of the form factors G i (q 2 ) that parameterize the long-distance dynamics of the weak transition. In the case of scalar tetraquarks it has the rather simple form
where p and p ′ are the momenta of the tetraquarks T − bs and T 0 cs , respectively. Here, we use the shorthand notations P µ = p ′ µ + p µ and q µ = p µ − p ′ µ . The q µ is the momentum transferred to the leptons, and q 2 changes within the limits m
, where m l is the mass of a lepton l.
The sum rules for the form factors G i (q 2 ), i = 1, 2 can be derived from the three-point correlation function
where J T (y) and J(x) are the interpolating currents for the states T 0 cs and T − bs , respectively. The current J T (y) is given by Eq. (2), whereas for J(x) we use the expression
First, we express the correlation function Π µ (p, p ′ ) in terms of the spectroscopic parameters of the tetraquark and mesons, and fix the physical side of the sum rule, i.e., find the dunction Π Phys µ (p, p ′ ). It can be easily written down in the form
where we take explicitly into account a contribution of the ground-state particles, and denote by dots effects due to excited and continuum states. Using the tetraquarks' matrix elements and expressing the vertex
where the matrix element of the state T − bs is defined by
To calculate Π µ (p, p ′ ), we employ the interpolating currents and quark propagators, and find
Then, the sum rules for the form factors G i (q 2 ) can be derived by equating the invariant amplitudes corresponding to the same Lorentz structures in Π which is required to suppress contributions of the higher excited and continuum states, and perform the continuum subtraction. These operations lead to the sum rules 
and working windows for the parameters (M 
are borrowed from Ref. [14] . The regions for (M Therefore, the weak form factors G i (q 2 ) should be replaced by the fit functions G i (q 2 ), which at q 2 accessible for the sum rule computations coincide with G i (q 2 ), but can be easily extrapolated to the full integration region.
For the fit functions we choose the analytic expressions
Here, G In Fig. 3 , we demonstrate the sum rule predictions for the form factor G 1 (q 2 ) and fit function G 1 (q 2 ), in which a very nice agreement between them is seen. The same conclusion is valid for the G 2 (q 2 ) and G 2 (q 2 ) as well. The differential decay rate dΓ/dq 2 of the process T − bs → T 0 cs lν l can be calculated using the expression derived in Ref. [14] , where one needs to replace parameters of the tetraquarks and weak form factors. Calculations yield the following predictions 
Branching ratios of the processes
Results of these computations are collected in Table II .
IV. ANALYSIS AND CONCLUSIONS
In the present work we have calculated width and mean lifetime of the tetraquark T − bs , which is stable against the strong and electromagnetic decays. To this end, we have computed partial widths of its dominant semileptonic decays T − bs → T 0 cs lν l , where l is one of e, µ and τ leptons. The tetraquark T 0 cs appeared at the final state of this process is the strong-interaction unstable particle 
′′ ν l ′′ are main modes of such transformations, branching ratios of which can be found using results of Refs. [13, 14] and information obtained in the present work. In Fig. 4 , as an example, we depict one of such channels. For these decay modes relevant computations yield 
For simplicity, above we have denoted L = e − e + e − and omitted final-state neutrinos. The branching ratio for the second channel is also given by Eq. (43) . Other decays can be analyzed by the same manner.
The results for the width and lifetime of the tetraquark T − bs , and predictions for branching ratios of T − bs and T − bb;ud have been obtained using their dominant semileptonic decays. During our analysis we have neglected their numerous subdominant weak decay modes. At earlier levels of this cascade some of these modes might create unstable 4-quarks that dissociate to other than D and K mesons. Such processes are connected, first of all, with weak decays of heavy quarks that are suppressed due to CKM matrix elements, and were ignored in our studies. In the present work the exotic meson T − bs has been treated as a scalar particle. But in the decay Z 
